Ru films were produced by atomic layer deposition (ALD) with an alternating supply of bis(ethylcyclopentadienyl)ruthenium (Ru(EtCp) 2 ) and ozone at deposition temperatures of 225-275 • C. Ozone acted as an effective reactant for Ru(EtCp) 2 . The Ru film thicknesses formed during one cycle were saturated at relatively high values of 0.09-0.12 nm/cycle depending on the deposition temperatures, and their resistivities were about 16 μ cm. Moreover, a reduced nucleation delay was found for Ru ALD using ozone when compared to Ru ALD using oxygen gas. The amount of oxygen impurity incorporated into the Ru films was less than 1 at%, as determined by Auger electron spectroscopy. The interfacial adhesion property between Ru films prepared via ALD using ozone (ozone-Ru) and ZrO 2 was good and 80% step coverage was achieved on a 3-D structure with a very high aspect ratio of 16:1, making them suitable for use as a top electrode material. © 2012 The Electrochemical Society. [DOI: 10.1149/2.069206jes] All rights reserved.
Ru Films from Bis(ethylcyclopentadienyl)ruthenium Using Ozone as a Reactant by Atomic Layer Deposition for Capacitor Electrodes
Ru films were produced by atomic layer deposition (ALD) with an alternating supply of bis(ethylcyclopentadienyl)ruthenium (Ru(EtCp) 2 ) and ozone at deposition temperatures of 225-275 • C. Ozone acted as an effective reactant for Ru(EtCp) 2 . The Ru film thicknesses formed during one cycle were saturated at relatively high values of 0.09-0.12 nm/cycle depending on the deposition temperatures, and their resistivities were about 16 μ cm. Moreover, a reduced nucleation delay was found for Ru ALD using ozone when compared to Ru ALD using oxygen gas. The amount of oxygen impurity incorporated into the Ru films was less than 1 at%, as determined by Auger electron spectroscopy. The interfacial adhesion property between Ru films prepared via ALD using ozone (ozone-Ru) and ZrO 2 was good and 80% step coverage was achieved on a 3-D structure with a very high aspect ratio As the minimum feature size of semiconductor devices decreases, the dimensions of the memory cells also decrease. To maintain the required cell capacitance (25-30 fF/cell) in dynamic random access memory (DRAM) with design rules of 45 nm or less, high-k dielectric materials, such as ZrO 2 , TiO 2 , Ta 2 O 5 , SrTiO 3 , and (Ba,Sr)TiO 3 , have been extensively investigated. [1] [2] [3] [4] [5] [6] [7] [8] [9] For this application to be successful, the choice of a suitable capacitor electrode material is very important. The capacitor electrode material should not react with oxygen. Moreover, a compatible etching process, good morphological stability, and reliable adhesion properties are also required when applying such materials in electronic devices. The noble metals, such as Pt and Ru, are preferentially considered for use as electrode materials. [6] [7] [8] [9] [10] [11] [12] In addition to high work functions, these noble metals have sufficiently low resistivities that ultrathin films can be employed. Furthermore, these noble metals are able to minimize the device's leakage current, and they appear to have better chemical compatibility with the dielectrics than more conventional capacitor electrode materials such as TiN. In particular, Ru, which has a work function of 4.7 eV and a bulk resistivity of 7.1 μ cm, is preferred from a device integration perspective, as it can be dry etched relatively easily, unlike Pt. 13, 14 Moreover, Ru is chemically stable toward oxygen and can block the diffusion of oxygen during the fabrication and annealing of dielectrics by forming conductive oxide films of RuO 2 . 15, 16 Even though memory is fabricated with high-permittivity dielectrics, it is obvious that complicated three-dimensional (3-D) structures are indispensable for achieving the required cell capacitance in high-density memory. 17, 18 Therefore, good conformal deposition is required from the thin film deposition method used to construct the capacitor electrode. Of the various deposition methods, atomic layer deposition (ALD) is currently under widespread development, because it enables conformal deposition for complicated 3-D structures, precise control of the film thickness at atomic dimensions, and excellent film uniformity over large areas. [18] [19] [20] [21] To date, many ALD processes for Ru films have been extensively studied using numerous metallorganic precursors, such as bis(cyclopentadienyl)Ru [Ru(Cp) 2 33 and oxygen as a reactant (oxygen-Ru). Employing Ru(Cp) 2 and oxygen gas, Aaltonen et al. showed that these oxygen-Ru processes z E-mail: jinhyock.kim@hynix.com; sehun@pusan.ac.kr rely on the dissociatively chemisorbed oxygen on the Ru surface during the oxygen pulse to provide atomic oxygen needed for the oxidation of the precursor ligands. 34 However, it was found that oxygen-Ru cannot be used as a top electrode for high-k dielectrics, because the interface between oxygen-Ru and high-k dielectrics is vulnerable even before annealing. Moreover, alternatives to the aforementioned ALD processes for depositing Ru films have been considered because of their relatively long nucleation delays and low growth rates. 22, 23, 26, 28, 30, [35] [36] [37] The nucleation delays for Ru films have been successfully addressed by replacing the oxygen gas with NH 3 plasma (NH 3 * -Ru), which more easily initiated Ru film growth and delivered smooth Ru films. 26, 28, 38 However, the growth rates still remained low, and NH 3 plasma is also likely to chemically affect the dielectrics during its integration into the capacitors. 26, 28, [38] [39] [40] Recently, it was reported that the nucleation delays for Ru 41 and Pt 42 films were significantly improved by adopting oxygen plasma instead of oxygen gas as a reactant. In the case of Ru, however, the use of oxygen plasma instead of oxygen gas resulted in higher surface roughness of the films. Since capacitor electrodes require smooth films, such high surface roughness could limit the application of the Ru films. Herein, we report on a Ru ALD process using Ru(EtCp) 2 and ozone as a reactant (ozone-Ru) to solve the problems described above in conventional Ru ALD processes, such as the nucleation delays, high surface roughness, and low growth rate. Ozone was selected as a reactant because it could facilitate the nucleation of Ru films by providing oxygen radicals directly from the gas phase, as was reported for an oxygen plasma reactant with Ru and Pt. 41, 42 Moreover, ozone is expected to be compatible with high-k dielectrics. In addition to the growth characteristics of ozone-Ru, the adhesion and 3D structure compatibility of ozone-Ru on ZrO 2 were investigated to show the feasibility of ozone-Ru as a top electrode.
Experimental
Ru films were deposited on ZrO 2 (5.5 nm)/SiO 2 (100 nm)/p-type Si and ZrO 2 (5.5 nm)/TiN (20 nm)/SiO 2 (100 nm)/p-type Si substrates using an 8-inch-diameter scale commercial shower-head type ALD system (Eureka, Jusung Engineering). The deposition temperature and pressure during ALD were 225-275
• C and 3 Torr, respectively. In Ru ALD, Ru(EtCp) 2 and ozone were used as a precursor and reactant, respectively. Ru(EtCp) 2 is a liquid precursor with good thermal stability. Ru(EtCp) 2 was injected into the vaporizer using a liquid delivery system, and 900 sccm argon was used as a carrier gas leading the vaporized precursor to the reactor. The ozone was generated by a Sumitomo ozone generator (SGRP-O2JS-A20, Sumitomo Electric 
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Number of cycles Co.) One deposition cycle for Ru consisted of a Ru(EtCp) 2 vapor pulse, a purge pulse with 100 sccm argon gas, a pulse for exposure to ozone at a flow rate of 150 sccm, and another purge pulse with 100 sccm argon gas. During the deposition, 100 sccm argon gas was continuously supplied into the reactor. This cycle was repeated as many times as necessary to obtain the desired film thickness. The concentration of ozone was kept at 50 g/m 3 . To evaluate the adhesion properties between Ru and ZrO 2 films, a peel-off test using 3M Scotch tape was performed on a sample (∼50-nm-thick Ru film/5.5-nm-thick ZrO 2 stacked on a Si substrate).
The film thickness was measured using field emission scanning electron microscopy (FESEM, Hitachi S-4800, Hitachi), and the sheet resistance of the films was measured with a four-point probe. Then, the film resistivity was calculated as the sheet resistance multiplied by the film thickness. The film composition and impurity were analyzed using Auger electron spectroscopy (AES, PHI-680 Physical Electronics). X-ray reflectivity (XRR, X-pert MRD, PANalytical) was measured to study the density of the films. The crystal structure of the deposited films was investigated using an X-ray diffractometer (XRD, X-pert APD, Philips) with Cu Kα radiation at 0.15405 nm. The film surface was observed using SEM, and the roughness of the films was measured using atomic force microscopy (AFM, SPA-300, Seiko). The film stress was analyzed using the warpage method, which can extract the wafer curvature using laser scanning. The microstructure of the films was detected using high-resolution transmission electron microscopy (HRTEM, Image Cs Titan, FEI).
Results and Discussion
First, the effect of ozone concentration on Ru ALD was investigated as a preliminary experiment. The deposition temperature and pressure during ALD were 275
• C and 3 Torr, respectively, and the pulse times for Ru(EtCp) 2 and ozone were fixed at 5 and 0.5 s, respectively. As a result, it was found that the film growth behavior was strongly affected by the operating ozone concentration. When the ozone concentration was lower than 100 g/m 3 , Ru films were stably formed during the ALD process. When the ozone concentration was in the range from 100 g/m 3 to 200 g/m 3 , however, the films tended to become RuO x or RuO 2 . Finally, no film growth was observed at ozone concentrations higher than 200 g/m 3 . It is likely that at higher concentrations, the flux of reactive oxygen species is of such magnitude that the etching of the Ru films by forming a volatile RuO 4 is dominating over the deposition. 43 Considering the effect of the ozone concentration on the phase of the deposited films, an ozone concentration of 50 g/m 3 was chosen for depositing the Ru films. Figure 1a shows the thickness per cycle and the resistivity of the ALD-Ru films deposited on ZrO 2 (5.5 nm)/SiO 2 (100 nm)/p-type Si substrate using ozone as a function of the pulse time for ozone at a deposition temperature of 275
• C. The pulse time for Ru(EtCp) 2 was fixed at 5 s. The pulse time for ozone was varied from 0.5 to 5 s at a fixed ozone concentration of 50 g/m 3 . The film thickness deposited during one cycle was saturated at a relatively high value of about 0.124 nm/cycle when the pulse time for ozone exceeded 0.5 s. At a fixed ozone pulse time of 5 s and ozone concentration of 50 g/m 3 , the growth rate was also saturated at about 0.124 nm/cycle when the pulse time for Ru(EtCp) 2 exceeded 3 s (data not shown here). The film uniformity was higher than 94% within the 8-inch-diameter wafer. This means that the film deposition was a so-called self-limited reaction, one of the inherent characteristics of ALD. The resistivity of Ru films was constant at about 16 μ cm and was independent on the pulse time for ozone. This value of resistivity (16 μ cm) is in the range (12-35 μ cm) found for other Ru films deposited using ALD. 22-24, 27, 28 Figure 1b shows the Ru film thickness on ZrO 2 (5.5 nm)/SiO 2 (100 nm)/p-type Si substrate as a function of the number of deposition cycles for ozone-Ru at a deposition temperature of 275
• C. The pulse times for Ru(EtCp) 2 and ozone were fixed at 5 s and 0.5 s, respectively. In Fig. 1b , the Ru film thickness on ZrO 2 (5.5 nm)/SiO 2 (100 nm)/ptype Si substrate as function of the number of deposition cycles for oxygen-Ru was included, which was performed at the same equipment and growth conditions of ozone-Ru. For oxygen-Ru, oxygen gas was used as an reactant instead of ozone and the flow rate of oxygen gas was 150 sccm. Also, the Ru film thicknesses as function of the number of deposition cycles for oxygen-Ru and NH 3 * -Ru prepared on TiN substrates were also included from Reference 44 for comparison. As expected, the deposited film thickness increased linearly with the number of deposition cycles for ozone-Ru. Extrapolating the deposited film thickness reveals that the nucleation delay for ozone-Ru is shorter than for oxygen-Ru, while the film nucleation takes place at longer ALD cycles for oxygen-Ru compared with ozone-Ru. Compared with the oxygen-Ru and NH 3 * -Ru nucleation results reported by O. K. Kwon et al. 44 , the nucleation of ozone-Ru was comparable to that of NH 3 * -Ru and much faster than that of oxygen-Ru. Moreover, the growth rate of ozone-Ru was higher than that of NH 3 * -Ru. In the comparison between oxygen gas and oxygen plasma as reactants for ALD of Ru 41 and Pt 42 films, much faster film nucleation was also observed for the oxygen-plasma-based process. 42 From the above observation, therefore, ozone with a high reactivity like that of oxygen plasma apparently promoted the nucleation of Ru films by providing reactive oxygen atoms from the gas phase. Figure 2 shows the Ru film thickness per cycle as a function of the deposition temperature at a fixed ozone pulse time of 0.5 s. The deposition temperature was varied from 225 to 275
• C. Even at a low deposition temperature of 225
• C, ozone-Ru showed a relatively high growth rate of about 0.09 nm/cycle. The physical properties of ozone-Ru, including the resistivity, impurity concentration, and density, were not significantly different at any deposition temperature.
Figures 3a and 3b show the AES depth profile and XRD pattern, respectively, obtained from Ru films for an ozone pulse time of 0.5 s at a deposition temperature of 275
• C. The amount of oxygen impurity incorporated in ozone-Ru was less than 1 atomic percent (at%), as determined using the AES method. As indicated in Fig. 3b , ozoneRu was polycrystalline with a hexagonal close-packed structure. All diffraction lines can be assigned to Ru metal, and no peaks from RuO 2 could be identified. Moreover, ozone-Ru had a high density of about 11.9 g/cm 3 , as determined by the XRR analysis, which is close to that of bulk Ru (12.3 g/cm 3 ). These results show that ozone successfully reacts with the Ru(EtCp) 2 metallorganic precursor to form elemental Ru at a deposition temperature of 275
• C. A smooth surface is one of the requirements for films used as the top electrodes of DRAM capacitors, and the smoothness should be retained during the subsequent deposition and post heat-treatment. Therefore, the surfaces of oxygen-Ru and ozone-Ru deposited on ZrO 2 , a high-k dielectric material, were investigated using both SEM and AFM before and after annealing. Figure 4 shows the SEM images and corresponding root-mean-square (RMS) surface roughness values of Ru films deposited on ZrO 2 (5.5 nm)/SiO 2 (100 nm)/p-type Si substrates at deposition temperatures of 275
• C using (a) oxygen and (b) ozone. The RMS surface roughness values of these samples were measured using AFM. The surface of oxygen-Ru (Fig. 4a) was rougher than that of ozone-Ru, and blisters were observed at the surface of oxygen-Ru. However, no blistering was observed at the interface between as-deposited ozone-Ru and ZrO 2 . Therefore, the difference in the surface roughness between ozone-Ru and oxygenRu was originated from the blister formation in oxygen-Ru. Also, the following effects could contribute to the smoother surface roughness of ozone-Ru. First, a shorter nucleation delay could make the ozone-Ru film have a smoother surface than oxygen-Ru film, as was explained in the description of the NH 3 * -Ru process. 44, 45 Second, a higher nucleation density could also make the ozone-Ru film have a smoother surface than oxygen-Ru films. A high nucleation density of ozone-Ru generally resulted in a smaller grain size of the films, and small grain size could lead to smoother films. Figure 5 shows the plan-view HRTEM images with SADP for Ru films deposited on ZrO 2 using (a) oxygen and (b) ozone in order to investigate detailed microstructures of oxygen-Ru and ozone-Ru. As indicated in Figs. 5a and 5b, both oxygen-Ru and ozone-Ru had polycrystalline structures. However, as can be seen in Fig. 5b , the plan-view HRTEM image and the diffused ring pattern indicate that the ozone-Ru had a more fine-grained structure with smaller grain sizes than oxygen-Ru. Thus, a smaller grain size of ozone-Ru resulted from a high nucleation density is helpful for obtaining a smoother surface. Third, the suppression of blister formation in ozone-Ru could improve the surface roughness. The origin of blister formation in oxygen-Ru is not clear yet. According to P. R. Gadkari et al., blisters on the films can be resulted from a combination of compressive residual stress and poor film adhesion to the substrate materials. 46 Therefore, we measured the residual stress of Ru films deposited on ZrO 2 using oxygen and ozone. Although the both ozone-Ru and oxygen-Ru films showed a tensile residual stress, the stress state of ozone-Ru (1.52 × 10 9 dyne/cm 2 ) was more tensile than that of oxygen-Ru (8.8 × 10 8 dyne/cm 2 ). It is thought that the higher tensile stress of ozone-Ru would be helpful in the suppression of blister formation between ozone-Ru and ZrO 2 . The Scotch tape peel-off test (data not shown here) showed that while the oxygen-Ru film (49.2 nm) on ZrO 2 (5.5 nm) was readily peeled off, the ozone-Ru film (48.8 nm) on ZrO 2 (5.5 nm) was not peeled off, which indicates stronger film-substrate adhesion for ozone-Ru films on ZrO 2 . Figure 6 shows the cross-sectional TEM images of Ru films deposited using (a-c) oxygen and (d-f) ozone at the (a, d) top, (b, e) center, and (c, f) bottom of a circle-type concave hole that is about 1.8 μm in depth and 0.11 μm in diameter. The aspect ratio, which is defined as the ratio between the diameter at the bottom and the depth of the hole, is about 16:1. TiN, ZrO 2 , and Ru films were deposited on 3-D structures sequentially. In these stacked structures, TiN, ZrO 2 , and Ru correspond to the bottom electrode, high-k dielectric, and top electrode, respectively. In the case of oxygen-Ru, the interfacial adhesion properties between as-deposited oxygen-Ru and ZrO 2 were not good, and delamination between oxygen-Ru and ZrO 2 was observed as blister formation (marked by red arrows), as indicated in Figs. 6a-6c. However, using ozone-Ru, no delamination or blistering was observed at the interface between as-deposited ozone-Ru and 
Conclusions
In summary, Ru ALD using an alternating supply of Ru(EtCp) 2 and ozone was investigated. Ozone was used as a reactant for Ru(EtCp) 2 . Because of the high reactivity of ozone, ozone-Ru showed high thickness per cycle values of 0.09-0.12 nm/cycle and a reasonable resistivity of 16 μ cm. The use of ozone also resulted in highly pure and dense Ru films. Moreover, the ozone-based process produced a reduction in the nucleation delay down to a very early ALD cycle. And, good interfacial adhesion properties between ozone-Ru on ZrO 2 were confirmed. In addition, an excellent step coverage exceeding 80% was achieved on a 3-D structure with a very high aspect ratio of 16:1. These results indicate that ozone-based Ru ALD is a suitable method for preparing the film as a top electrode.
